How much of the missing heritability of ALS is hidden in known ALS genes?
Philip Van Damme 1, 2, 3 Further research of rare variants in ALS genes is needed to guide diagnosis and counseling of patients Over the last decade, our knowledge about the heritability of Amyotrophic Lateral Sclerosis (ALS) has greatly improved. More than 25 genes have been associated with ALS. 1 , the results of a comprehensive analysis of known ALs genes in a cohort of 301 German ALS families are presented . In about half of these, a pathogenic mutation could be identified, mostly in the genes C9orf72, SOD1, FUS, TARDBP or TBK1. This suggests that these are the top genes that should be offered in the diagnostic setting in central Europe. In addition, several previously unreported variants were found in known ALS genes. On the basis of stringent criteria, the authors classified these as pathogenic, likely pathogenic or as variants of unknown significance.
Other recent studies in ALS populations from the UK and the Netherlands also identified an increased burden of rare variants in known ALS genes, in the coding regions and in the untranslated regions. [4] [5] [6] Interestingly, there are also patients with combinations of rare variants in known ALS genes. This suggests that ALS can be caused by a single highly penetrant mutation or a combination of a few less penetrant rare variants.
Hence, ALS appears to have an oligogenic origin.
Further research is needed to establish the exact level of pathogenicity at the single variant level of all genetic variation in ALS genes and to establish if combinations of rare variants can cause ALS. A global whole genome sequencing project, aiming to sequence 15 000 patients with ALS and 7500 controls under the banner of Project MinE (http://www. projectmine. com) will help to answer some of these questions and to uncover missing heritability within known ALS genes.
Detailed information about the risk of each variant is also crucial with regard to the counselling of patients and their families. Straightforward counselling is only possible for established pathogenic mutations. The complexity of counselling will only continue to increase, as more patients with combinations of rare variants will be seen, due to the increased use of next generation sequencing technologies in a diagnostic setting. 
